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Introduction  
Molecule-based magnets (molecular magnets) have attracted much interest in recent 
decades both from an experimental and from a theoretical point of view, not only 
because of their interesting physical effects, but also because of their potential 
applications: e.g., molecular spintronics [1], quantum computing [2, 3], high density 
information storage [4], and nanomedicine [5]. 
Molecular magnets contain an inner magnetic core that is composed of a finite 
number of magnetic ions that are coupled via the superexchange interaction leading to a 
net total spin for the molecule. Protective organic ligands which surround the magnetic 
core eliminate intermolecular interactions between the molecules. Therefore, a response 
to external stimuli reflects mainly ensemble properties of single molecules. These 
molecules have a well-pronounced uniaxial magnetic anisotropy that depends on 
interplay between the spin-orbital coupling and the crystal field. For some of them, a 
large spin ground state with an easy axis magnetic anisotropy has been found. These 
properties lead to a high anisotropy barrier, which is a characteristic for single 
molecular magnets (SMMs). MMs exhibit slow relaxation of the magnetization below a 
certain temperature.  
From the physics point of view, molecular magnets are at the very bottom of the 
possible size of nanomagnets (Figure 1). On reducing the size of objects down to the 
nanoscale, the coexistence of classical properties (e.g., magnetic hysteresis, exchange 
coupling) and quantum properties (e.g., quantum tunneling of magnetization) [6] in 
these systems may be observed. Size effects in the magnetization dynamics and 
hysteresis loop ranging from macroscopic down to nanoscopic sizes are shown in 
Figure 1 [7]. At macroscopic sizes, magnetic domains regions in which all the 
individual moments are grouped together and aligned are formed to minimize the 
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Introduction                                                                                                                      7 
magnetic properties that promise great developments in the field of technology. Up to 
now, these magnetic properties have been observed at low temperatures and have no 
real world applications. The major factors which influence the magnetic properties of 
SMMs are the nature of magnetic ions and bridging ligands and their molecular 
structures. Therefore, the magnetization studies of such systems provide a clue for how 
to design SMMs with desired magnetic properties. 
This thesis considers the investigation of magnetic properties of several new 
transition metal molecular compounds via different experimental techniques 
(continuous wave electron spin resonance (CW ESR), pulse ESR, high-field/high-
frequency ESR (HF-ESR) and static magnetization techniques). ESR technique has 
been used for over 60 years to study the variety of paramagnetic species, such as 
magnetic molecular compounds, free radicals, defects in solids, metals, gases, etc. It is 
an invaluable technique for studying the magnetic properties of paramagnetic 
compounds, because only this technique can selectively probe the individual spin levels 
of the molecules to precisely determine the g-factors, the hyperfine (HF) coupling 
constant, the magnetic anisotropy, and the spin dynamics of paramagnetic compounds. 
This thesis consists of four chapters. The first chapter is focused on the basic 
theoretical description of magnetism and the ESR of magnetic ions in a solid state. In 
the second chapter, the experimental techniques applied in the studies are introduced.  
The third chapter is dedicated to the experimental results of mono- and poly-nuclear 
(oxamato, oxamidato)/bis(oxamidato) type compounds. First, all components of the g-
tensor and the tensors of onsite ACu and transferred AN HF interactions of mononuclear 
Cu(II)- bis(oxamidato) compounds have been determined from CW ESR measurements 
at 10 GHz and at room temperature and pulse ELDOR detected NMR measurements at 
35 GHz and at 20 K. The spin density distributions of the mononuclear compounds have 
been calculated from experimentally obtained HF tensors. The magnetic exchange 
constants J of their corresponding trinuclear compounds were determined from 
susceptibility measurements versus temperature. Finally, these results together with the 
geometries of the terminal [Cu(pmdta)]2+ fragments of the trinuclear compounds 
determined by crystallographic studies were used to determine whether the spin density 
distribution of mononuclear bis(oxamato)/bis(oxamidato) type compounds could be a 
measure of the J couplings of their corresponding trinuclear compounds. Secondly, the 
magnetic properties of polynuclear Cu(II)-(bis)oxamato compounds with ferrocene and 
ferrocenium ligands are described. The magnetic properties of their corresponding 
8                                                                                                                      Introduction 
trinuclear compounds were studied by susceptibility measurements versus temperature to 
determine J values. In addition, the ESR technique is used to investigate the magnetic 
properties of the studied compounds because they contain two different magnetic ions 
and because only the ESR technique can selectively excite different electron spin 
species. These studies together with geometries of the ferrocenium ligands determined 
by crystallographic studies are used to discuss possible correlations between the 
structure of the compounds and their magnetic properties. 
The fourth chapter presents the magnetic properties of two newly synthesized 
molecular magnetic compounds: a binuclear Ni(II) compound (Ni(II)-dimer) and a 
cube-like tetranuclear compound with a [Fe4O4]-cube core (Fe4-cube). HF-ESR 
measurements enable us to determine the g-factor, the sign, and the absolute value of 
the magnetic anisotropy parameters. Using this information together with static 
magnetization measurements, the J value and the magnetic ground state of the studied 
compounds have been determined. In Ni(II)-dimer, two Ni(II) ions, each having a spin 
S = 1, are coupled antiferromagnetically that leads to Stot = 0 ground state. An easy plane 
magnetic anisotropy with a preferable direction for each Ni(II) ion is found. For Fe4-
cube, a ground state with total spin Stot = 8 has been determined. The analysis of the 
frequency dependence of HF-ESR signals reveals an easy axis magnetic anisotropy 
(Dcube = 22 GHz) for whole cube. These results indicate that Fe4-cube is favorable for 
showing single molecular magnet (SMM) behavior. 
1 Theoretical Background of 
Electron Spin Resonance 
 
Electron spin resonance (ESR), also known as electron paramagnetic resonance 
(EPR) was discovered in 1944 at Kazan University by Evgeniy K. Zavoyskiy during an 
investigation of electromagnetic energy absorption by paramagnetic metal salts. ESR is 
a physical phenomenon in which electromagnetic radiation is absorbed due to an 
interaction between the magnetic moments of unpaired electrons and the 
electromagnetic radiation in the application of a magnetic field. 
In this chapter, a basic theoretical description of the ESR technique is provided. 
First, an isolated ion or atom with unpaired electrons is considered to describe the main 
phenomena and effects. The general spin Hamiltonian which defines a spin system in an 
external magnetic field is introduced to describe magnetic properties probed by ESR 
and magnetization experiments. Afterwards, because the studied compounds in this 
work contain 3d transition metal (TM) ions, and because their magnetic properties are 
influenced considerably by local geometry and environment of magnetic ions, these 
effects are described for an ion with an incomplete electronic 3d-shell. Further, two 
pulse ESR techniques are described that are used to obtain HF coupling constants. In the 
last part of this chapter, two theoretical models that are used to calculate spin density 
distribution from ESR parameters obtained experimentally are presented in detail. 
Descriptions presented in this chapter are based on text-books by C. Kittel [10], A. 
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ௗெ೥
ௗ௧ ൌ ߤ஻ሺܪଵ ݏ݅݊ሺ߱ݐሻܯ௫ െ ܪଵ ܿ݋ݏሺ߱ݐሻܯ௬ሻ െ
ெ೥ିெబ
ఛభ            ( 1.17) 
where 1 and 2 denote the longitudinal and the transverse relaxation times, respectively. 
During the times 1 and 2, the longitudinal magnetization (MZ) and the transvers 
magnetization (Mx and My) relax back to equilibrium, respectively. The motion of the 
magnetization is complicated in a laboratory coordinate system. Therefore, to describe 
the motion of the net magnetization, a rotating coordinate system about the z-axis at an 
angular frequency of ω is chosen. In the rotation coordination system, ܪሬԦ1 is along its x-
axis and appears to be stationary. The following definitions are used: 
߱଴ ൌ ݃ߤ஻ܪ଴, ߱ଵ ൌ ݃ߤ஻ܪଵ, ∆߱ ൌ ߱ െ ߱଴	 
The Bloch equations are rewritten in convenient form: 
݀ܯ௫
݀ݐ ൌ ∆߱ܯ௬ െ
ܯ௫
߬ଶ  
݀ܯ௬
݀ݐ ൌ െ∆߱ܯ௫ െ߱ଵܯ௭ െ
ܯ௬
߬ଶ  
ௗெ೥
ௗ௧ ൌ ߱ଵ ܯ௬ െ
ெ೥ିெబ
ఛభ             ( 1.18) 
Solutions of these equations directly give the frequency response of the net 
magnetization. Most ESR experiments are performed with a resonator that uses linearly 
polarized microwaves	ܪሬԦሺݐሻ ൌ ܪሬԦሺ൅ሻ ൅ ܪሬԦሺെሻ ൌ ܪଵሺܿ݋ݏሺ߱ݐሻݔො ൅ ݏ݅݊ሺ߱ݐሻ ݕොሻ ൅
ܪଵ ሺܿ݋ݏሺ߱ݐሻݔො െ ݏ݅݊ሺ߱ݐሻ ݕොሻ. It can be decomposed into two circular polarized magnetic 
fields rotating in opposite directions at the same microwave frequency. ܪሬԦሺ൅ሻ rotates in 
the same direction of the precession of moment, and ܪሬԦሺെሻ in the opposite direction, 
which can be neglected in on-resonance condition. In rotating frame, ܪሬԦሺ൅ሻ is stationary 
and the vector of the net magnetization is rotating about ܪሬԦሺ൅ሻ at the angular velocity ω1 
= gBH1, which is called Rabi frequency (Figure  1.1.3,b).  
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is more significant. The d orbital state is split into two degenerate sets of orbitals: eg 
(d୶మି୷మ and d୸మ) and t2g (d୶୷, d୷୸, and d୶୸) (see Figure  1.2.2,b). The energy difference 
between these two sets is the crystal field splitting parameter, 0, which depends on the 
nature of the ligands and a charge on the metal ion. 
The octahedral symmetry is reduced due to the Jahn-Teller effect. In this symmetry, 
two axial bonds can be larger (tetragonal elongation z-axis) or shorter (tetragonal 
compression z-axis) than those of the equatorial bonds. In both cases, the degeneracies 
of eg and t2g orbitals are lifted. For the tetragonal elongation distortion, the d୶మି୷మ and 
d୶୷ orbitals have greater overlap with the ligand orbitals, resulting in the orbitals being 
higher in energy (see Figure  1.2.2,c). On the contrary, these orbitals have less overlap 
with ligand orbitals compared to other d orbitals for the tetragonal compression 
distortion and stay in lower energy (Figure  1.2.2,d).  
Orbital Quenching 
The magnetic moment can be given by both spin and orbital angular momentum 
contributions. 
ߤௌିை ൌ ඥܮሺܮ ൅ 1ሻ ൅ 4ܵሺݏ ൅ 1ሻ           ( 1.27) 
It is noticeable that a calculated magnetic moment from Eq. (1.27) does not always 
agree with obtained experimental values for TM compounds. The explanation for this is 
that the crystal field interaction tends to quench the angular momentum partially or 
completely. 
To explain this phenomenon, we consider that the spin-orbital interaction is weak 
compared to the crystal field and can be ignored. Therefore, the Hamiltonian describes 
such a system is an electronic problem and therefore it is real. The solution of the 
Hamiltonian gives a real function (|real). 
The orbital angular momentum operator, which is purely imaginary, is given by the 
following:  
ܮሬԦ ൌ ħ௜ ݎԦ ൈ ߘሬԦ            ( 1.28) 
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ܣ௜௦௢ ൌ ቀ଼ଷ ቁ ݃஻଴ሺݎሻ଴	 ൌ ቀ
଼
ଷ ቁ ݃஻	ሺ0ሻଶ           ( 1.35)	
where g is the electron g-factor, B is the Bohr magneton, and  is the magnetogyric 
ratio. 0 stands for the orbital containing the unpaired electron, and (r) is the Dirac 
delta function.  
The electron spin nuclear spin dipole-dipole interaction gives rise to the anisotropic 
HF coupling and given by the following: 
ܣௗ௜௣ ൌ ݃஻଴ݎିଷ଴           ( 1.36) 
where  is the angular factor and has different values for the p, d, and f orbitals. The 
dipolar contribution depends on the orientation of the paramagnetic system with respect 
to the external magnetic field. 	
In a liquid solution sample, the electron-nuclear dipole-dipole interactions is time-
averaged to zero due to its low viscosity, and only the isotropic HF constant can be 
obtained from ESR measurement. 
The Hamiltonian describing the dipole-dipole interaction between the magnetic 
moment of an electron (ߤԦௌ ൌ െ௚೐ఓಳħ Ԧܵ) and the magnetic moment of a nucleus (ߤԦூ ൌ ܫԦ) 
is given by the following: 
࣢ௗ௜௣ሺݎԦሻ ൌ െ ଵସగħ ݃௘ߤ஻ߛ ቂ
ௌԦ೅∙ூԦ
௥య െ
ଷሺௌԦ೅∙௥ԦሻሺூԦ೅∙௥Ԧሻ
௥ఱ ቃ           ( 1.37) 
For simplicity, the isotropic electron and nuclear g-factors are considered. ݎԦ is the 
vector joining the unpaired electron and the nucleus. Superscript ‘T’ indicates the 
transpose. Expansion of the vectors in ࣢dip yields the following:  
࣢ௗ௜௣ሺݎԦሻ ൌ െ ଵସగħ ݃௘ߤ஻ߛ ቂ
௥మିଷ௫మ
௥ఱ ܵ௫ܫ௫ ൅
௥మିଷ௬మ
௥ఱ ܵ௬ܫ௬ ൅
௥మିଷ௭మ
௥ఱ ܵ௭ܫ௭ െ
ଷ௫௬
௥ఱ ൫ܵ௫ܫ௬ ൅ ܵ௬ܫ௫൯ െ
ଷ௫௭
௥ఱ ሺܵ௫ܫ௭ ൅ ܵ௭ܫ௫ሻ െ
ଷ௬௭
௥ఱ ሺܵ௬ܫ௭ ൅ ܵ௭ܫ௬ሻቃ          ( 1.38) 
Hamiltonian Eq. (1.38) can be converted to spin Hamiltonian by averaging 
Hamiltonian over the electron spatial distribution:  
࣢ௗ௜௣ ൌ Ԧܵ ∙ ࡮ ∙ ܫԦ            ( 1.39) 
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where B is a 33 matrix with diagonal elements 〈௥మିଷ௫೔೔మ௥ఱ 〉 and off-diagonal elements 
〈ଷ௫೔ೕమ௥ఱ 〉.  
The total HF tensor is A = AisoI+B, where I is an unit tensor of size 3. Notice that 
Aiso is tr(A)/3. 
The HF tensor is diagonal when the principle axes of tensor A coincide with the 
molecular symmetry axes. For an arbitrary orientation of the magnetic field that makes 
angles of X, Y, and Z with the principle axes of tensor A, the measured HF coupling 
is related to the principal values of the HF tensor with following equation: 
ܣଶ ൌ ܿ݋ݏଶ ߠ௑ ܣ௑௑ଶ ൅ ܿ݋ݏଶ ߠ௒ ܣ௒௒ଶ ൅ ܿ݋ݏଶ ߠ௓ ܣ௓௓ଶ             ( 1.40) 
In this thesis, the HF interaction of the Cu(II) compounds has been studied. These 
compounds have the axial symmetry. For a system with the axial symmetry, where AXX 
= AYY = A, AZZ = A and magnetic field is ordinated by  respect to the component A, 
Eq.(1.40) becomes the following :  
ܣଶ ൌ ݏ݅݊ଶ ߠ ܣ	ଶ ൅ ܿ݋ݏଶ ߠ ܣଶ            ( 1.41) 
Figure  1.2.3 shows energy levels and ESR spectra for a system of one unpaired 
electron interacting with two nuclei with each nucleus having I = 1/2. Due to the HF 
interaction between the unpaired electron, and with the first nucleus, each electron 
energy level splits into two by A1/2 (A1 is the HF coupling constant of the first nucleus). 
The HF interaction between the unpaired electron and the second nucleus causes the 
splitting of each level into two by A2/2 (A2 is the HF coupling constant of the second 
nucleus). When the nuclei are equivalent, A1 = A2 = A and the intermediate levels (mS = 
+1/2, mI = 0 and mS = 1/2, mI = 0) are two-fold degenerate, as illustrated in 
Figure  1.2.3,a. The ESR spectrum of this system consists of three lines with intensity 
ratio 1:2:1 due to the 2-fold degeneracy of the intermediate levels (Figure  1.2.3,b). For 
the case of non-equivalent nuclei (A1  A2 and A1  A2), the intermediate levels are not 
any more degenerate (see Figure  1.2.3,c). The ESR spectrum in Figure  1.2.3,d consists 
of more lines than the latter, and all lines have same intensity. 
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orbital angular momentum in the ground state. Therefore, the orbital angular momentum 
contributes to the total angular momentum: 
ߤԦ ൌ െఓಳħ ሺܮሬԦ ൅ ݃௘ Ԧܵሻ          ( 1.42) 
The Hamiltonian containing the electronic Zeeman and the spin-orbital terms is 
given by the following equation: 
࣢ ൌ ࣢௓ ൅࣢ௌିை ൌ ߤ஻ܪሬԦ଴் ∙ ൫ܮሬԦ ൅ ݃௘ Ԧܵ൯ ൅ ߣܮሬԦ் ∙ Ԧܵ          ( 1.43) 
For TM ions, the term of the orbital contribution is considered as a perturbation. 
Therefore, the ground state represented by G, mS is an eigenfunction of the spin-only 
electron Zeeman term. Therefore, the first order correction gives rise to the spin-only 
electron Zeeman energy. The second order correction yields terms in the Hamiltonian 
which operate only with spin variables. The combination of this with the spin-only 
electron Zeeman operator gives the spin Hamiltonian, as presented below: 
࣢ ൌ ߤ஻ଶܪሬԦ଴் ∙ ሺ݃௘ࡵଷ ൅ 2ߣࢫሻ ∙ Ԧܵ ൅ ߣଶ Ԧ்ܵ ∙ ࢫ ∙ Ԧܵ           ( 1.44) 
Here I3 is a 33 unit matrix, and ઩ is the 33 matrix, with (ij)-th elements: 
߉௜௝ ൌ െ∑ ۦீ|௅೔|௡ۧൻ௡ห௅ೕหீൿ௎೙ሺబሻି௎ಸሺబሻ௡ஷீ           ( 1.45) 
Hamiltonian Eq. (1.44) can be rewritten as follows: 
࣢ ൌ ߤ஻ܪሬԦ଴் ∙ ࢍ ∙ Ԧܵ ൅ Ԧ்ܵ ∙ ࡰ ∙ Ԧܵ           ( 1.46) 
where ࢍ ൌ ݃௘ࡵ૜ ൅ 2ߣࢫ, ࡰ ൌ ߣଶࢫ	and S correspond to the effective spin of the ground 
state. The second term in Hamiltonian Eq.(1.46) presents the zero filed term. When the 
principle axes of D tensor coincide with the crystallography axes, the D tensor is 
diagonal with diagonal elements DX, DY, DZ. Thus, the zero field term can be written as 
follows:  
Ԧ்ܵ ∙ ࡰ ∙ Ԧܵ ൌ ܦ௑ܵ௑ଶ ൅ ܦ௒ܵ௒ଶ ൅ ܦ௓ܵ௓ଶ           ( 1.47) 
Since the D tensor is traceless, the principle parameters of the D tensor can be 
written as follows: 
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ܦ ൌ ଷଶܦ௓,								ܧ ൌ
ଵ
ଶ ሺܦ௑ െ ܦ௬ሻ           ( 1.48) 
Considering the mentioned convention, E/D takes value between 0 and 1/3. The 
zero filed term using defined D and E is transformed to the following: 
Ԧ்ܵ ∙ ࡰ ∙ Ԧܵ ൌ ܦ ቀܵ௓ଶ െ ଵଷ ܵଶቁ ൅ ܧሺܵ௑ଶ െ ܵ௒ଶሻ           ( 1.49) 
The magnitude and sign of the D and E can be determined from frequencies 
dependence of ESR resonance field and a change of relative ESR line at different 
temperatures, respectively. They depend on the symmetry of compounds. For 
compounds with the octahedral symmetry, DX = DY = DZ and therefore D = E = 0. It 
means that no magnetic anisotropy can be observed for compounds with the octahedral 
symmetry. As long as the tetragonal distortions (tetragonal elongation z-axis and 
tetragonal compression z-axis) are introduced in system, DX = DY, and hence E = 0. 
Only the D parameter is non-zero. The sign of the D depends on the kind of distortion 
presentation. The negative sign and positive sign refer to the tetragonal elongation and 
tetragonal compression z-axis, respectively. To illustrate energy levels splitting due to 
the zero field term, an S = 1 spin system is considered. In the absence of the zero field 
term, three energy levels with quantum number +1, 1 and +1, 0 are degenerated. 
When the tetragonal distortions are present, the degeneracy of doublet and singlet states 
is lifted. The ground state is the singlet state for the tetragonal elongation z-axis and 
doublet for the tetragonal compression z-axis. For systems with a lower symmetry, 
when the rhombic distortion exists, DX and DY are no longer equal and therefore E  0. 
The consequence of this distortion is that the degeneracy of the doublet state is lifted as 
well. 
The energy levels with their corresponding quantum states as functions of an 
external magnetic field for the S = 1 spin system with D  0 and E = 0 are illustrated in 
Figure  1.2.4,a. According to the selection rule (mS = 1, mI = 0), two allowed ESR 
transitions between +1, +1 and +1, 0 and +1, -1 and +1, 0 occur, as shown with 
black arrows in Figure  1.2.4,a. These two transitions take place at different resonance 
fields due to the zero field splitting. In the external magnetic field, the state +1, 1 
takes less energy than the state +1, +1. Hence, according to the Boltzmann 
distribution, the state +1, 1 is more populated and the ESR line corresponds to the 
transition +1, 1 →+1, 0 is more intense. This transition takes place at a lower 
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మ
ଶభ/మ ሺ݌௭ଶെ݌௭ଷሻ
                                      ( 1.59) 
where ௞௠ ൌ ݊ ∙ ݌௞௠ ൅ ሺ1 െ ݊ଶሻ
భ
మ ∙ ܵ௠, 0 ൑ ݊ ൑ 1 is a hybridized ligand sigma orbital. 
The atomic orbitals of the ligands are denoted with superscripts 1-4. They had been 
considered as the eigenfunctions of the crystal-field term. The molecular orbital B1g is 
the ground state. 
Maki and McGarvey applied the first- and second-order perturbation theory to a 
total Hamiltonian for a molecule in an external magnetic field using the molecular 
orbitals Eq.(1.59) as the eigenstates of the unperturbed part of the total Hamiltonian. 
The perturbation part of the total Hamiltonian contains the electron Zeeman, nuclear 
Zeeman, Fermi contact, electron-nuclear dipole-dipole and spin-orbital interactions, as 
given by the following:  
࣢´ ൌ ߤ஻ܪሬԦ ∙ ൫ܮሬԦ ൅ ݃௘ Ԧܵ൯ െ ߛߤேܪሬԦ ∙ ܫԦ൅ ଼గଷ ߤ୆ߤேߛδሺݎԦሻ൫SሬԦ ∙ ܫԦ൯ ൅
ଵ
ସ஠ħ ߤ୆ߤேߛ ൤
ௌԦ౐∙ூԦ
௥య െ
ଷሺSሬԦ౐∙୰ሬԦሻሺூԦ౐∙௥Ԧሻ
௥ఱ ൨ ൅  Ԧܵ ∙ ܮሬԦ										( 1.60) 
Perturbation treatments lead to the following effective spin Hamiltonian:  
࣢ ൌ ߤ஻ൣ݃||ܪ௭ܵ௭ ൅ ݃ሺܪ௫ܵ௫ ൅ ܪ௬ܵ௬൧ ൅ ܣ||ܫ௭ܵ௭ ൅ ܣ൫ܫ௫ܵ௫ ൅ ܫ௬ܵ௬൯ െ 	ߛߤேܪሬԦ ∙ ܫԦ   ( 1.61) 
With the following expressions for the Cu(II) HF constants: 
ܣ|| ൌ ܲ ቀെߢ െ ସ଻ ߙଶ ൅ ߂݃|| ൅
ଷ
଻ ߂݃ቁ             ( 1.62) 
   ܣ ൌ ܲ ቀെߢ ൅ ଶ଻ ߙଶ ൅
ଵଵ
ଵସ ߂݃ቁ           ( 1.63) 
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In these expressions, Pκ is the Fermi contact term with P(63Cu) = Bgen×<r-3˃3d = 
1164 MHz, that is the dipolar HF coupling parameter of the unpaired electron [30], and 
g||, = g||,  2.0023. The parameter α2 is a covalency parameter. It is 1 for a pure ionic 
bonding. In the presence of a covalent part contribution to the bonding, the value of α2 
is smaller than 1. The value of α2 can be determined by using Eqs.(1.62), (1.63) and 
experimental obtained Cu HF coupling constants.  
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2.3 Magnetization Measurements 
Static magnetization measurements up to 7T were carried out with a 7 T VSM-SQUID 
magnetometer from Quantum Design. Temperature dependence of the static 
magnetization was measured in a temperature range T = 2 – 300 K with this device. 
2.4 Modelling and Simulations 
Simulation of CW ESR spectra were carried out with a Sim fonia software package 
[33]. The analysis and simulation of the HF-ESR and pulse ESR spectra were done 
using EasySpin (version 4.5.5) [34] toolbox for the Matlab 2009b package. The 
temperature dependence of the magnetic susceptibility (T) is numerically fitted using 
the simulation software package julX [35]. 
 
 
  
3 Cu(II)-containing oxamato and 
oxamidato Compounds 
One of the interesting classes of magnetically active molecular materials is 
transition metal (TM)-containing (bis)oxamato, oxamato-oxamidato and (bis)oxamidato 
compounds. They can be utilized as suitable building blocks for the synthesis of the 
respective polymetallic TM-containing (bis)oxamato, oxamato-oxamidato and 
(bis)oxamidato compounds which are considered as possible candidates for the use in 
molecular electronic devices. Understanding of exchange pathways in such compounds 
is therefore important for a rational design of new materials with improved 
intramolecular magnetic interactions between the metal ions.  These compounds are 
well-known representatives for the rational design of discrete polynuclear compounds 
and coordination polymers which are specifically suitable for basic research studies of 
magnetic superexchange phenomena. The well-considered choice of the Cu(II)-
containing (bis)oxamato, oxamato-oxamidato and (bis)oxamidato building blocks 
allows tailor-made control of both structural and magnetic properties of final products, 
among which are single-molecule or single-chain magnets as well as three-dimensional 
magnetic networks [9]. 
3.1 Cu(II)-oxamato-oxamidato and Cu(II)-(bis)oxamidato  
Compounds 
In References [36-40] the synthesis of many mono- and trinuclear Cu(II)-
(bis)oxamato compounds with the different N,N´-bridge have been reported. For 
example, Scheme  3.1.1 shows the structure of mono Cu(II)-(bis)oxamato compound 
[nBu4N]2[Cu(opba)] (0A) and its corresponding trinuclear compound 
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spectrum (~ 310 mT) (see Figure  3.1.3). In the ENDOR spectra, peaks both from the 
nitrogen nuclei and from protons (1H) can be identified. The latter ones are located at 
the low frequency part of the spectrum and are marked correspondingly in Figure  3.1.5. 
They were not considered in the modelling of the ENDOR spectra. Despite an 
appreciably lower single-to-noise (S/N) ratio of the ENDOR spectra as compared to the 
ESR spectra, the peaks of the individual nitrogen nuclei are quite well resolved.  
The principal axes of g and ACu coincide with their maximum components located 
perpendicular to the molecular plane. The maximum components of the 14N HFtensors 
were found to lie parallel to the Cu–N  bond vectors as sketched in Scheme  3.1.5. For 
the modelling with the EasySpin software package we have adopted spin Hamiltonian 
Eq. (3.1). 
To model the spectra, the HF interaction between the 14N nuclear spins I (14N) = 1 of 
four nitrogen ligands and the unpaired electron at the central Cu(II) metal ion have been 
considered under the assumption (3.2). We have taken the values of the g-factor and the 
on-site HF coupling tensors for Cu(II) from the CW ESR results. 
The principle values of AN obtained from the modelling of ENDOR measurements 
are shown in Table  3.1.3. Note that, unlike in the ESR experiment, the better resolution 
of the ENDOR method enables to estimate all four nitrogen HF tensors. In agreement 
with the ESR results, │AN│  │A||N│ has been found for all four tensors. With the 
parameters listed in Table  3.1.3 a satisfactory agreement between the modelling and the 
experimental ENDOR spectra has been achieved. Most optimal fits were obtained close 
to the orientation of the magnetic field parallel to the normal to the molecular plane, 
which is due to a better S/N ratio for this field geometry.  Considering the data in 
Table  3.1.3, the nitrogen HF tensors can be grouped in groups A and B with quite close 
values of the tensor components in each group, respectively. However, the ENDOR 
measurements indicate some difference in the HF parameters within each group, which 
is not evident in the static ESR data. The difference of the HF parameters between the 
two groups is substantial. The larger values of the HF constants of the group A enable to 
tentatively assign them to the N1 and N2 labeled Nphen donor atoms, see Scheme  3.1.5, 
since these values are closer to those of related Cu(II)-(bis)oxamato compounds 
comprising only two Nphen donor atoms [39]. The smaller HF constants in the group B 
can then be associated with the N3 and N4 labeled Nethyl donor atoms, see Scheme  3.1.5. 
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tensor for the individual N donor atoms of 4. On a theoretical side, we treat a model 
system of an electron spin S = 1/2 coupled to a nuclear spin I = 1 using the spin density 
matrix formalism. A model of coupled spins S = 1/2 and  I > 1/2 has been discussed 
already in several works [47-52] and very recently also a general scheme of a 
theoretical description of the EDNMR spectra using the spin density matrix has been 
proposed [50]. Here we elaborate this approach in more detail to facilitate the analysis 
of our experimental data. Furthermore, we consider the effect of the nuclear quadrupole 
interaction on the EDNMR spectrum. The theoretical model has been done under the 
supervision of Prof. Kev Salikov and with the assistance of Dr. Ruslan Zaripov. 
EDNMR Model for an S = 1/2  I = 1 Electron-nuclear System 
Compared to a relatively simple case of the model  S = 1/2 and I = 1/2 system which 
has been comprehensively studied in several works (see, e.g., Refs.[25, 26]), the case of  
the Cu(II) spin S = 1/2 coupled to the 14N nuclear spins I = 1 in the complexes studied in 
the present work, is more complicated due to a larger nuclear spin multiplicity and a 
possible presence of an additional nuclear quadrupole interaction generally expected for 
nuclei with I > 1/2.   
The relevant spin Hamiltonian reads: 
࣢ ൌ ቀఓా԰ ቁ ԦܵࢍܤሬԦ଴ െ ߛ௡ܤ଴ܫ୸ ൅ Ԧܵ࡭ܫԦ൅ ܫԦࡰܫԦ     ( 3.3)      
It contains the Zeeman interaction of electron and nuclear spins with an external 
magnetic field, the HF interaction and the quadrupole interaction terms, respectively. B 
and n are Bohr magneton and nuclear gyromagnetic ratio, respectively. Recently a 
general scheme of a theoretical description of the EDNMR spectra using the spin 
density matrix has been described in Ref. [50]. In the following we elaborate this 
approach in more detail and also would like to elucidate whether the nuclear quadrupole 
interaction can give a peculiar manifestation. To simplify the treatment, we assume that 
the g-tensor, the HF interaction tensor (A) and the quadrupole interaction tensor (D) 
have collinear principal axes X,Y,Z. In addition we suppose that these tensors obey an 
axial symmetry. In this case, anisotropic part of A (and D) tensors have a property AXX = 
AYY = (1/2)AZZ. The direction of the external magnetic field B0 in the molecular X,Y,Z 
frame is characterized by a polar angle (θ) and an azimuthal angle (φ). The magnetic 
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principle, the preparation (first) pulse changes populations of spin states and creates 
spin coherence. However, the time interval between the two pulses in the ENDMR 
protocol is longer than the spin decoherence time. Therefore the observable can reflect 
the population changes induced by the preparation pulse but not the spin coherence 
created by that pulse. Let us suppose that the preparation pulse has equalized 
populations of two selected spin states labeled as n and k. Then transitions between 
these two states with equal populations induced by the second pulse will not induce the 
FID signal. To recall, otherwise the second pulse creates the spin coherence which is 
observed as the free induction signal. Thus the free induction signal observed in 
EDNMR experiment as a function of the preparation pulse frequency ω(1) will exhibit a 
“hole” as soon as the preparation pulse frequency matches the ESR transition frequency 
between the  n and k states under consideration, i.e., when ω(2) = ω(nk). 
To illustrate the features of the EDNMR observable we present in Figure  3.1.8 
representative simulated spectra. There a dependence of an average value of the Sy spin 
component on the preparation pulse frequency calculated at the zero acquisition time 
(immediately after the probe pulse is switched off) is shown. The algorithm of our 
simulations is as follows: At the time t = 0 the spin density operator ρ has the thermal 
equilibrium value so that one can approximate it as ρ = Sz [53]. In the interval t1 when 
the preparation pulse is applied the spin system develops with the spin Hamiltonian: 
࣢௣ ൌ ࣢ െ߱ሺଵሻܵ୸ ൅ ߱ଵ୮ܵ୶          ( 3.6)      
where ࣢ is the Hamiltonian of the free dynamics of the spin system given by Eq. (3.4), 
߱ଵ୮ ൌ ߛ௘ܤଵ୮ is the electron spin Rabi frequency in the microwave (mw) field of the 
preparation pulse. To perform a frequency selective excitation one uses a relatively 
small magnetic field strength B1p. Thus in the end of the preparation period, at t = t1, the 
density matrix equals ߩሺtଵሻ ൌ 	െ	݁ି௜ு೛୲భܵ௭݁௜ு೛୲భ. Note that no any spin relaxation is 
included here. To include the spin relaxation one has to solve a proper kinetic equation 
for the spin density matrix. Further we suppose that the interval between the preparation 
and probe pulses is longer than the spin decoherence time (T2) but shorter than the spin–
lattice relaxation time (T1). Thus in the eigenstates of spin Hamiltonian Eq.(3.4) the 
representation of all off-diagonal elements of ρ(t1) become zero. Therefore the detection 
(probe) pulse is applied to the system in the state described by the spin density matrix 
which consists only of the diagonal elements of ρ(t1). Let us denote it as ρdiag(t1). During 
60        
 
the action
Hamilton
where ߱ଵ
At 
ߩሺtଶሻ ൌ 	
Here 
is switche
<ܵ୷>. 
Figur
Figur
magne
the e
2.144,
MH
Param
(b
param
compo
allow
                  
 of the pr
ian: 
ୢ ൌ ୣߛ ܤଵୢ.
the end 
െ	݁ି௜ு೏୲మߩ
ρ(0) means
d off. Note
e  3.1.8 sho
e  3.1.8: De
tization  c
xternal ma
 gxx = gyy = 
z, Axx = Ay
eters for (a
ottom). Par
eters were t
unds (see b
ed transitio
                  
obe (detec
࣢ୢ ൌ ࣢
 
of the 
ௗ௜௔௚ሺݐଵሻ݁௜ு
〈ܵ୷
 the spin de
 that the ob
ws the “hol
pendence o
aused by th
gnetic field
2.016 (g- v
y = 45 MH
): θ = ߨ/4, 
ameters fo
aken close 
elow). The
ns. The pea
 3. Cu(II)-c
tion) pulse
െ ߱ሺଶሻܵ୸
probe pu
೏୲మ. Then w
〉 ൌ Trሺߩሺ0
nsity opera
served ED
es” which 
f the mode
e first puls
 (b). Comm
alues are ta
z, B0 = 1.16
B1p = 0.028
r (b): θ = [0
to the expe
 peaks arou
ks at about 
forbidde
ontaining o
 the spin d
൅ ߱ଵୢܵ୶  
lse the 
e calculate
ሻܵ୷ሻ         
tor at the m
NMR sign
manifest a 
l EDNMR 
e (a) and on
on paramet
ken from C
66 T, B1d =
 G (top), B
, ߨ/6, ߨ/4, ߨ
rimentally d
nd ± 51 M
± 29 MHz 
n transition
xamato and
ynamics d
        ( 3.7)  
spin den
 the averag
 ( 3.8)      
oment wh
al is propor
saturation e
spectrum on
 the orient
ers used in
W ESR me
 0.22 G, td =
1p = 0.28 G 
/3, ߨ/2], B
etermined 
Hz and 0 M
and ± 22 M
s.
 oxamidato
evelops w
    
sity mat
e value of S
en the prob
tional to th
ffect for th
 the flip an
ation of the
both plots a
asurements
 0.4  μs, tp 
(middle), B
1p = 0.8 G. 
values for t
Hz corresp
Hz corresp
 Compoun
ith the spin
rix equal
y as 
e mw puls
e calculated
ree allowed
gle of the 
 sample in 
re: gzz = 
), Azz = 56 
= 6 μs. 
1p = 0.8 G 
These 
he studied 
ond to the 
ond to the 
ds 
 
s 
e 
 
 
 
3.1. Cu(II)-oxamato-oxamidato and Cu(II)-(bis)oxamidato Compounds                      61 
 
and four forbidden transitions, as expected (see Figure  3.1.6). Positions of the “holes” 
are fully determined by the free dynamics as set by spin Hamiltonian Eq. (3.4). The 
amplitude of the lines is governed by two factors. First, it depends on the offsets of the 
line positions from the observation pulse frequency  = ω(2)  ωnk (ωnk denotes the 
resonance transition frequency nk). Contribution of any ESR transitions to the 
observable in the EDNMR experiment depends on their frequency offset  according to 
the well-known expression 
௢ܲ௙௙௦௘௧ ൌ ሺ ఠభౚ
మ
୼మାఠభౚమ
ሻ sinଶሺሺ୼మାఠభౚమ ሻభ/మ௧ౚଶ ሻ          ( 3.9)      
Here td is the duration of the detection pulse. When the offset is larger than the Rabi 
frequency of the detection pulse, then the amplitude of the corresponding line should 
decrease as ߱ଵୢଶ /Δଶ. In simulations presented, for the central component of the ESR 
spectrum the offset is  = 0 which corresponds to the zero value of the nuclear spin 
projection. This explains why in the EDNMR spectra shown in Figure  3.1.8 the central 
line is deep while the two side lines which, similar to the central line, correspond also to 
the allowed ESR transitions, are shallow. Second, the amplitude of the line in the 
EDNMR spectrum depends on the Rabi frequency and on the duration of the 
preparation pulse. We suppose that the preparation pulse field is weak so that it 
performs frequency selective excitation, i.e., excites transitions between two definite 
states of the spin system. These two states involved into the transition can be considered 
as an effective two-level system which can be described by the gyroscopic model [54]. 
For the allowed ESR transitions the Rabi frequency for the preparation pulse field 
equals to ω1p (Eq.(3.6)). For the forbidden ESR transitions with mS = 1, mI = 1, the 
effective Rabi frequencies are 
߱ଵ୮,୤ଵ ൌ ൫߱ଵ୮ √2⁄ ൯ ୸ܶ୶ ߱஑ ≪	⁄ 	߱ଵ୮, 
                     ߱ଵ୮,୤ଶ ൌ ൫߱ଵ୮ √2⁄ ൯ ୸ܶ୶ ߱ஒ ≪	⁄ 	߱ଵ୮          ( 3.10)      
The amplitude of a line which corresponds to a given resonance transition is 
determined by the rotation angle ξ which equals to the product of the corresponding 
Rabi frequency and the pulse duration: 
ߦୟ୪୪୭୵ୣୢ ൌ ߱ଵ୮ݐଵ, 	ߦ୤୭୰ୠ୧ୢୢୣ୬ ൌ ߱ଵ୮,୤ݐଵ          ( 3.11)      
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To excite the line, this angle should be about ξߨ/2. Suppose that B1 of the 
preparation pulse equals to 10 T. Then for the allowed ESR transitions strong lines are 
expected already for the duration of the preparation pulse of about t1,allowed = 1 μs. 
However, in order to get pronounced lines for the forbidden transitions one needs to use 
pulses with a much longer duration. In the case considered here the shortest optimal 
pulse should be of the duration  ݐଵ,୤୭୰ୠ୧ୢୢୣ୬ ൌ ݐଵ,ୟ୪୪୭୵ୣୢ √2߱஑ | ୸ܶ୶|ൗ  μs >>1  μs.  
Another observation from this model concerns widths of the transitions. The 
forbidden transitions are extremely narrow compared to the allowed transition ones. In 
fact this is an expected result. Indeed, the shape of the line is determined by the 
equation similar to Eq.(3.9). 
୦ܲ୭୪ୣୱ୦ୟ୮ୣ ൌ ሺ ఠభ౦
మ
୼మାఠభ౦మ ሻ sin
ଶሺሺ୼మାఠభ౦మ ሻభ/మ௧భଶ ሻ, where Δ ൌ ߱ሺଵሻ െ ߱୬୩          ( 3.12)       
According to this result the width of the transition amounts to 2ω1p. Therefore, the 
line width of the forbidden transition should be much narrower than of the allowed 
transition. In the situation ሺΔଶ ൅ ߱ଵ୮ଶ ሻଵ/ଶݐଵ ≫ 1 the line shape will be given by the 
Lorenzian function [51]. The simulated spectra in Figure  3.1.8 confirm this expectation. 
In real systems there might be an inhomogeneous broadening of the ESR transition 
frequencies, e.g., due to slightly different orientations of the molecules in a crystal 
matrix (distribution of angles θ in Eq.(3.4) and/or an unresolved super-HFinteraction 
with magnetic nuclei of the matrix. These mechanisms should contribute to the 
broadening of all lines in the EDNMR spectrum equally. However, in any case the total 
width of the lines corresponding to the allowed transitions should be larger than that of 
lines arising from the forbidden transitions.  
According to Eq.(3.5) the EDNMR spectrum has a mirror symmetry relative to its 
center. However this symmetry can be broken due to the quadrupole interaction. 
Figure  3.1.9 shows how the asymmetry in the EDMR spectrum arises by switching on 
the quadrupole interaction and increasing its strength D. The problem of the quadrupole 
interaction has been addressed before in the basic theoretical treatment of the DS [55-
57], the FT-ESR detected NMR [25], and the EDNMR [25, 26, 48, 51, 52], though only 
shifts of the spins energy levels induced by the quadrupole interaction have been 
considered. However, the quadrupole interaction can also change the transitions matrix 
elements induced by the mw pulses in the course of the EDNMR experiment. Note that 
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Analysis of the EDNMR Spectra 
The theoretical treatment of EDNMR in the S = 1/2  I = 1 electron-nuclear system 
introduced in the beginning of Sect.  3.1.3, has highlighted that the quadruple interaction 
can manifest itself in a rather peculiar pattern of the EDNMR spectrum: the spectrum 
should become asymmetric not only with respect to the positions of the lines but also of 
the intensities of the lines if the quadrupole interaction is strong enough (see 
Figure  3.1.9). The experimental EDNMR spectra appear symmetric (Figure  3.1.12 , 
Figure  3.1.13 and Figure  3.1.15). This observation enables a conclusion that in the Cu 
complexes studied in our work the nuclear spin quadrupole interaction should be small 
and thus can be neglected when analyzing the experimental data.  
Since simulations of the full EDNMR spectra for the case of one electron spin S = 
1/2 coupled to four nuclear spins I = 1 are cumbersome and considering the fact that for 
the determination of the 14N HF constants we are mainly interested in the positions of 
the forbidden transitions, we have used for the modelling a much faster ENDOR routine 
of the EasySpin software package. Specifically, in order to obtain the individual HF 
tensor of all four N donor atoms we have modeled experimental spectra using an 
EasySpin (version 4.5.5) [34]  program of the Matlab 2009b package. It does not 
contain a specific program to simulate the EDNMR spectra.  However the EDNMR 
spectra have the same transition frequencies as the ones found in an ENDOR 
experiment. Hence, the EDNMR spectra were modelled using the subprogram of 
EasySpin which simulates the ENDOR spectrum.  For the modelling with the EasySpin 
software package we have adopted spin Hamiltonian Eq. (3.1) which is similar to 
Eq.(3.3). Note that in our modelling, we have omitted the nuclear spin quadrupole term 
(see, Eq.(3.3)). As it follows from our theoretical treatment and since the experimental 
EDNMR spectra are symmetric (see Figure  3.1.15), the nuclear spin quadrupole 
interaction should be small and can be neglected in the analysis. 
To model the spectra, the HF interaction between the 14N nuclear spins I (14N) = 1 of 
four nitrogen ligands and the unpaired electron at the central Cu(II) metal ion have been 
considered under assumption (3.2). The values of the g-factor and the on-site HF 
coupling tensors for Cu(II) have been taken from the CW ESR results.  
The results of the modelling are shown in Figure  3.1.12 and Figure  3.1.13 together 
with experimental spectra. They agree well with each other confirming that indeed the 
EDNMR enables to resolve all four nitrogen HF tensors. Note that since the ENDOR 
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routine models only forbidden transitions, the lines above 35 MHz reproduced in the 
full EDNMR simulation (Figure  3.1.15) are not present here. A finite intensity of the 
forbidden transitions in the experimental spectra at symmetric orientations of 0o and 90o 
indicates some misorientation of the crystals. However, since the position of the lines 
near these orientations has a small angular dependence, this does not affect the 
estimates of the HF tensors. Principal values of AN for 3 and 4 obtained from the 
modelling are listed in Table  3.1.4.  
Table  3.1.4: Principal values of the HF tensor AN (MHz) of 3 and 4 from EDNMR 
measurements. 
Compound A┴N A||N Aiso 
3 Group A: N1: 45, N2: 33 Group B: N3: 42, N4: 30 
Group A: N1: 62, N2: 48 
Group B: N3: 54, N4: 42 
Group A: N1: 51, N2: 46 
Group B: N3: 38, N4: 34 
4 Group A: N1: 46, N2: 44 Group B: N3: 34, N4: 31 
Group A: N1: 58, N2: 56 
Group B: N3: 42, N4: 40 
Group A: N1: 50, N2: 48 
Group B: N3: 37, N4: 34 
 
When the magnetic field is perpendicular to the molecular plane, the largest 14N HF 
constants are obtained consistently with our previous ESR and ENDOR measurements. 
Note that, like in the ENDOR experiment, the HF tensors reported in Table  3.1.4 
indicate two different groups of N ligands classified as groups A and B for 3. The same 
observation is obtained for 4 as well.  As it was discussed in Sect. 3.1.2  the 14N HF 
constants for group A are close to those in the related Cu(II)-(bis)oxamato compound 
containing only two phenylene bridged nitrogen ligands[59]. Therefore, group A can be 
assigned to the nitrogen ligands bridged with phenylene (Nphen). Group B with smaller 
14N HF constants can be assigned to nitrogens bridged with ethyl (Nethyl) and nitrogens 
bridged with propyl (Nprop) for 3 and 4, respectively.  
The obtained 14N HF tensors for 3 are in a general qualitative agreement with the 
results of the ENDOR measurements on the same compound and enable to reproduce 
well the experimental ENDOR spectrum. However, in detail there are certain 
quantitative differences of the order of ~ 10%. Taking into account a better quality of 
the present EDNMR spectra the values of the 14N HF constants in Table  3.1.4 are 
obviously more accurate. Thus it is appealing the revisit the estimates of the electron 
spin densities on the nitrogen ligands in 3 and also to preform respective calculations 
for compound 4 using the HF tensor determined form EDNMR expriments. One can 
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the theoretical value A0Cu = 5995 MHz, which is calculated for unit spin density in the 
copper s orbital.[28] Using the theoretical value A0N = 1811 MHz,[28] a respective spin 
population on the nitrogen s orbital can be obtained.  The spin density in the p and d 
orbitals of 14N and 63Cu, respectively, are proportional to the dipolar HF coupling 
constant Adip=Aiso–A. These contributions are calculated as the ratio of the respective 
Adip derived from the experimental values in Table  3.1.2 and the theoretical anisotropic 
HF parameters 138.8 MHz and 1197 MHz for unit spin density[28] for 14N and 63Cu, 
respectively.  
Table  3.1.5: Spin density (in %) for Cu of 1-4 and N of  1, 3 and 4 in comparison with 
0A [39]. 
Compound Cu
a(total) 
 = α2 Cu
b(total) Nb(total) Nb(s) Nb(p) N
a(total) 
= (α´/2)2 Cu
c(total) 
1 68 51 9.5 2.3 7.2 10.5 53.9 
2 75 59    10.6 52.5 
3 74 57.1 9.3 2.25 7.02 8.9 52.2 
4 74 57.4 8.2 2.26 5.94 8.9 52.0 
0A[39] 71 54.6 14.5 2.5 12 10.3 55.0 
a According to Eqs. (3.14), (3.15) and (3.16). b According to Reference [28]. c Refer to data 
obtained for geometry optimized compound fragments. 
From the experimental ESR parameters obtained from the CW ESR measurements 
at 10 GHz, the total spin densities on Cu ion of 1-4 and the averaged spin density on one 
individual N donor atom of  1, 3 and 4 have been estimated and given in Table  3.1.5 
together with the values of the closely related compound (0A) [39]. To make a direct 
comparison possible, the spin densities on the s orbital of the N donor atom of 0A are 
recalculated with the isotropic N HF coupling constant for unit spin density taken from 
Reference [28].  
As observed earlier for 0A [39], the unpaired electron is mainly localized on the 
Cu(II) ion in all compounds. The spin density at Cu(II) is for 1 (51) smaller compared to 
the rest of compounds. Very similar spin densities on the Cu(II) ion of 2-4 are obtained.  
Experimentally obtained data reported here for 2-4 do not follow the expected 
tendency, that a replacement of O versus N donor atoms results in a lower spin density 
on Cu(II) and higher spin densities on the N donor atoms [42] when comparing with 0A 
[39]. Another factor that we should consider is the coordination geometry around Cu(II) 
ion. The spin density on Cu(II) ion increases due to the deviation from square planer to 
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the tetrahedral coordination geometry. As it is shown in Scheme  3.1.2, compound 4 is 
more distorted compared to other compounds.   
In the approach of Morton and Preston [28] the spin density on the N donor atoms 
can be estimated from the HF parameters AN. The averaged spin density on one 
individual N donor atom of 1, 3 and 4 are smaller compared to the value reported for 0A 
with 14.5%. In addition, the spin density on Cu(II) ion for 1-4 are more or less 
comparable with the value reported for 0A. This might be suggestive of the 
redistribution of the total spin density between the donor atoms towards the third and 
fourth N donor atoms present in the studied compounds with no additional “leakage” 
from the central metal ion.  
Furthermore, since ENDOR measurements on 3@7 and EDNMR measurements on 
3@7 and 4@8 have enabled to resolve individual HF tensors of the N donor atoms, the 
spin density on them was estimated according to the approach by Morton and Preston 
[28]. The respective values are listed in Table  3.1.6. 
Table  3.1.6: Calculated and exprimentally obtained Spin density (in%) on N donor atoms 
in 3 and 4.  
Compound 3a 3b 3c,calc 4b 4c,calc 
N1 
S 
p 
total 
2.43 
6.48 
8.91 
2.82 
10.21 
13 
 
 
13.8 
2.76 
7.20 
9.96 
 
 
13.8 
N2 
S 
p 
total 
2.52 
5.58 
8.1 
2.10 
9.00 
11.10 
 
 
13.8 
2.65 
7.20 
9.85 
 
 
13.8 
N3 
S 
p 
total 
2.12 
3.42 
5.54 
2.54 
7.20 
9.74 
 
 
8.8 
2.04 
4.80 
6.84 
 
 
8.8 
N4 
S 
p 
total 
1.9 
6.48 
8.38 
1.88 
7.20 
9.08 
 
 
8.8 
1.88 
5.40 
7.28 
 
 
8.8 
a Derived from ENDOR measurements. b Derived from EDNMR measurements. c Refer to data 
obtained for geometry optimized compound fragments. 
In additional, the spin density on Cu(II) ion and N donor atoms of the compounds 
under investigation have been calculated with quantum chemical methods. For this 
purpose, the geometry of the dianionic compound fragments 1-4 have been optimized. 
Then the spin density on distribution of 1calc-4calc were calculated and obtained values 
are given in Table  3.1.5 and Table  3.1.6. These calculations have been done in the 
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group of Prof. Jens Kortus, Institut für Theoretische Physik, Technische Universität 
Bergakademie Freiberg. Details about this calculation are reported in References [43, 
44].As expected, a major partial spin density resides on the p orbitals. Furthermore, the 
spin density on the individual N donor atoms reveals an unequal distribution. The spin 
density on Nethyl and Nprop atoms for 3 and 4, respectively, is smaller compared to that 
on Nphen atoms of the respective compounds. Importantly, due to a better quality of the 
present EDNMR data we can resolve now the controversy of the ENDOR based 
estimate made for 3, where the spin density on one of the Nethyl donor atoms turns out to 
be 1.5 times larger than for the second one. This is not confirmed in the EDNMR 
analysis, where similar values for both Nethyl donor atoms have been obtained. Most 
likely, it is caused by a limited accuracy of the ENDOR experiment which has led to an 
overestimate of the anisotropy (A|| – A) and thus to an overestimate of p for one of the 
Nethyl donor atoms.   
The estimates of  on N donor atoms from the HF tensors of 3 and 4 appear 
systematically smaller as the predictions of the DFT calculations.  This deviation is not 
surprising considering simplifications of the model by Morton and Preston [28]. 
Specifically, deviations from a square planar molecular geometry assumed in the model 
could be responsible for this discrepancy. However, it is important to emphasize a 
qualitative agreement with the theoretically calculated results, in particular that the 
EDNMR based estimates confirm the DFT prediction on the unequal distribution of the 
spin densities between the Nphen donor atoms on the one side, and the Nethyl or Nprop 
donor atoms, on the other side. Apparently, the different spin densities on the N donor 
atoms reflect their different local geometries, as revealed by different HF tensors.  
Finally, the calculated spin density on Cu(II) ion of 1calc–4calc should be compared 
with the estimates from the HF tensors. The experimentally obtained results according 
to Morton and Preston[28] compare much better with calculated values of the Maki and 
McGarvey approach [29], see Table  3.1.5. Certainly, the differences of the spin 
population at the Cu atoms of 1-4 determined from the HF tensors and calculated values 
(exp. vs. calc. for 3/4 = 57.1/57.5 vs. 52.2/52.0) are larger than the difference for 1 (51 
vs. 53.9) and 0A [39] (54.6 vs. 55). This could be related to simplifications implicit in 
the experimental approaches [28, 29] which do not properly account for real local 
geometries of the compounds under question. In the approach of Maki and Macgarvey 
[29], the anisotropic HF coupling constants are calculated for a square planer molecular 
geometry. In the approach of Morton and Preston [28], the HF coupling constants are 
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No additional “leakage” from Cu(II) ion is observed when an O donor atom is 
substituted by a N donor atom. It can be explained by a deviation from the square planer 
coordination geometry in the studied compounds. The averaged spin density on one 
individual N donor atom for 1, 3 and 4 appear smaller compared to the value reported 
for 0A. This observation together with no additional “leakage” from Cu(II) ion suggest 
the redistribution of the total spin density between the donor atoms towards the third 
and fourth N donor atom present in 1, 3 and 4.   
From the ENDOR and the EDNMR studies, we have learned that the spin density 
appears to be larger on Nethyl  and Nprop atoms for 3 and 4, respectively, as compared to 
Nphen atoms, in a qualitative agreement with the earlier DFT calculations. Since a 
transfer of the spin density to the bonding ligand is a prerequisite for a magnetic 
exchange coupling between paramagnetic atoms, the revealed disproportionality of the 
spin densities implies that in the respective trinuclear compounds   [Cu3(opboR2)( 
pmdta)2](NO3)2 (R = C2H5 11 and R = C3H7 12) the Cu-Nphen-O-Cu exchange path is 
stronger as the Cu-Nethyl-O-Cu and Cu-Nprop-O-Cu ones for 11 and 12, respectively.  
Out of susceptibility measurements versus temperature the J parameters of the 
trinuclear Cu(II)-oxamato-oxamidato compounds 
[Cu3(opooMe)(pmdta)2](NO3)2·3MeCN (9) (187 K) and Cu(II)-Bis(oxamidato) 
[Cu3(opboR)(pmdta)2](NO3)2 (R = CH3 10 (–138 K), C2H5 11 (–149 K) and R = C3H7 
12 (–190 K)) have been determined. They appear larger in magnitude when compared 
to J values of reported type (bis)oxamato compounds[9]. Our discussion of the spin 
density distribution favours the scenario that the enhancement of the exchange coupling 
J is related to the substitution of the O donor atoms in compounds of type (bis)oxamato 
by less electronegative N donor atoms in compounds of types oxamato-oxamidato and 
(bis)oxamidato. We point out that the larger exchange constant J observed for 12 as 
compared to 11, despite the somewhat smaller spin density on the N donor atoms in the 
respective monometallic compound 4 as compared to 3, can be ascribed to a more 
favorable for magnetic exchange coordination geometry of the terminal Cu(II) atoms in 
12.    Finally, the present work supports earlier studies [39], in which an interplay 
between the spin density distribution of mononuclear type (bis)oxamato compounds and 
magnetic superexchange interactions of trinuclear compounds derived out of them has 
been proposed. 
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ESR spectrum of 16 shows a structured signal which peaks can be assigned to the three 
rhombic g values g1 = 2.14, g2 = 2.1, and g3 = 2.06,  of the compound in the spin-1/2 
doublet ground state, which is expected for a low symmetry ligand coordination of 
Cu(II) in these samples. The g values are estimated from the modelling of the respective 
spectra.  
Remarkably, with increasing temperature the g1 line shifts to a higher magnetic field 
whereas the g3 line shifts to a lower magnetic field. The g2 line shifts to the lower 
magnetic field as well, but to a less extent. This particular temperature dependence will 
be discussed in the following. 
The spin Hamiltonian appropriate to describe the exchange interaction in a linear 
symmetric trimer has the form: 
࣢ ൌ ܬ൫ Ԧܵଵ ∙ Ԧܵଶ ൅ Ԧܵଵ ∙ Ԧܵଷ൯ ൅ ܬ´ሺ Ԧܵଶ ∙ Ԧܵଷሻ    (  3.19)	
     Here, the first term describes the interaction between adjacent spins with a 
coupling parameter J and the second term describes the interaction between nonadjacent 
spins with a coupling parameter J´. The resulting spin states can be classified as 
|ST;S23˃, with the total spin operator ST = S1 + S2 +S3 and an intermediate spin operator 
S23 =/S2 + S3. Then the following spin states can be obtained: α = |1/2;1˃, β = |1/2;0˃, 
and γ = |3/2;1˃; their corresponding energies are Eα = –J + 1/4J´, Eβ = 3/4J´, and Eγ = 
1/2J + 1/4J´, respectively. The α and β states are doublets and the γ state is a quartet. 
In the compound 16 the central Cu(II) ion is antiferromagnetically coupled to the 
terminal Cu(II) ions with an exchange coupling constant J12 = J13 = 167 K (see 
Figure  3.2.10). Therefore,  is the ground state and  and  are excited states, 
respectively. At 4K mostly the doublet ground state  is populated. Therefore the 
rhombic pattern of the ESR signal shown in Figure  3.2.5 is due to the g-tensor of the  
state. The experimentally observed shift of the g-factors with increasing temperature 
can be explained by the progressive thermal population of the first excited doublet state 
 which g-tensor components are apparently different from the ground state. Since the 
interconversion rate between the  and  doublets is usually faster than the time scale of 
the ESR measurement at 10 GHz [45, 46],  the gi-peaks in the ESR spectrum correspond 
to the Boltzmann weighted  thermal average of the g-factors of the  and  states [45, 
46] which explains their temperature dependence. Finally at high temperatures the 
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likely present in this compound. The experimental results for 17 give evidence that its 
Fe ion is magnetic and therefore should have a valence of 3+ and that the axial 
symmetry in ferocenium cation is strongly distorted. The latter conclusion is confirmed 
by a single crystal X-ray analysis. The compounds 14 and 17 reveal a very weak 
magnetic coupling between a central Cu(II) and the Fe(III) spins.  
The magnetic interaction between the central Cu(II) and the Fe(III) spins changed 
from an antiferromagnetic coupling for 14 to a ferromagnetic coupling for 17 when a 
stronger distortion of the axial symmetry in feroccenium cation of 17 exists. Finally, we 
conclude that the degree of distortion of feroccenium is a control parameter for the sign 
of the magnetic interaction between the central Cu(II) ion and the Fe(III) spins of 
studied compounds. 
  
4 Single Molecular Magnets 
(SMMs) 
Single molecular magnets (SMMs) are molecules which show magnetic properties 
intermediate between paramagnetic behavior in microscopic scale and classical bulk 
magnet behavior in macroscopic scale. They have nanoscale dimensions  0.5-2 nm in 
diameter. SMMs contain a large number of atoms, whereas they show distinct quantum 
properties. Total magnetic moment of a molecule is composed of all the individual 
magnetic moments of the atoms which form this molecule. In SMMs, the magnetization 
prefers to be in a certain direction, which means that these molecules have a magnetic 
anisotropy. The model describing such behavior is two-well model, as shown in Scheme 
4. 1,a. The existence of state |S, S as ground state and an energy barrier between the 
|S, +S and |S, S states requires a negative D parameter (D is defined in chapter 1). In 
case of a positive D parameter, the ground state is the |S, 0 state without an energy 
barrier. The depth of the energy barrier is defined as U = S2|D| for integer spin or (S2-
1/4)|D| for half- integer spin, where S and D are total spin and the axial magnetic 
anisotropy, respectively. The magnetization is trapped in spin state |S, S and its 
direction is flipped by thermal energy. The average time to perform the magnetization 
flip is called relaxation time and given as: 
߬ ൌ ߬଴exp	ሺ ௎௞ಳ்ሻ           ( 4.1) 
where 0 is the pre-exponential factor.  
An application of a magnetic field results in a shift in the depth of the potential well 
and yields a mixing of the spin states [71], as illustrated in Scheme 4. 1,b. Therefore, 
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Both cases yield the easy axis magnetic anisotropy for the spin ground state S = 2 
with the axial magnetic anisotropy parameter DS = 1/3D and DS = 1/6D, respectively. 
For cluster containing a finite number of magnetic ions more than two, we couple 
first neighboring ions and calculate parameters for these pairs (such pairs are considered 
as cluster). Then the net D parameter can be obtained by coupling these clusters. 
In the following sections magnetic properties of two new molecular magnets 
investigated by means of HF-ESR, static magnetization and AC susceptibility 
measurements are presented. The HF-ESR measurements enabled to determine the g-
factor and the sign and the absolute value of the magnetic anisotropy. Using this 
information together with the static magnetization measurements the value and the sign 
of the magnetic exchange interaction between magnetic ions and the magnetic ground 
state of the studied compounds have been determined.  
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pathway with different relaxation barriers. To prove this assumption one needs to 
measure AC susceptibility vs. temperature at lower temperatures.  
HF-ESR spectra in the frequencies   332 GHz consist of one line. The linear fit of 
the resonance branches of this line yields the g-factor of 2.35 and no magnetic 
anisotropy gap. At frequencies   368 GHz, a low filed line appears with the g-factor 
of 2.35. The linear fit of the resonance branches of this line crosses the frequency axis at 
zero field at frequencies 334 GHz which corresponds to an ESR mode with a large gap 
∆cube = 334 GHz. The observation of the third line at higher temperatures indicates a 
negative axial magnetic anisotropy for whole cube. A best agreement between 
simulation and the experimental HF-ESR spectra is achieved using the general spin 
Hamiltonian and considering the collinear alignment of the easy axis magnetic 
anisotropy of four Fe(II) spins.  The parameters obtained from simulation and 
experimental results are used to calculate energy states of the studied compound. From 
that a doublet ground state 8, 8 is observed which indicates the easy axis magnetic 
anisotropy for the studied compound. The energy difference of 340 GHz between states 
8, 8 and 8, 7 is found which is in good agreement with the obtained experimental 
value of the ESR excitation gap ∆cube = 334 GHz. With  Dcube = 22 GHz ( 1 K) 
determined from the obtained experimental  ∆cube and Stot = 8, the energy barrier for 
thermal relaxation of the magnetization U = 64 K for the studied compound is 
calculated.  
The magnetization results together with the HF-ESR results indicate that the studied 
compound is favorable to show SMM behavior.  To prove this, measurements of the 
magnetization hysteresis loop below the blocking temperature are necessary. The 
magnetization vs. magnetic field M(H) measurements at 2 K does not show hysteresis 
loop. Accordingly, to observe the magnetization hysteresis loop it is necessary to 
measure M(H) at a lower temperature, which will be a subject of a future work.
  
Summary 
In this work the magnetic properties of several new transition metal molecular 
compounds have been studied by means of CW ESR, pulse ENDOR, pulse EDNMR, 
HF-ESR and static magnetization measurements.  
The first studied compounds were mono- and trinuclear Cu(II)-(oxamato, 
oxamidato)/bis(oxamidato) type compounds. ESR studies of mononuclear compounds 
(1@5, 2@6, 3@7, 4@8) allowed an estimation of the spin density distribution of them 
by two different theoretical approaches. Single crystal ENDOR of 3@7 and single 
crystal EDNMR measurements of 3@7 and 4@8 have enabled to resolve individual 
spin densities of the four N donor atoms of them as individual HF tensors could be 
observed. Out of susceptibility measurements versus temperature the J parameters of 
their corresponding trinuclear compounds have been determined. Our discussion of the 
spin density distribution of the mononuclear compounds together with the results of the 
magnetic characterization of their corresponding trinuclear compounds show that the 
spin population of the mononuclear compounds is in interplay with the J values of their 
corresponding trinuclear compounds. 
The second studied compounds were polynuclear Cu(II)-(bis)oxamato compounds 
with ferrocene and ferrocenium ligands ([nBu4N]2[Cu(1,1'-fcba)] (13), [nBu4N][Cu(1,1’-
fcba)] (14), [nBu4N]2[Cu(1,1’-fcooMe)]×2H2O (15A, 15B), [Cu3(1,1’-
fcba)(pmdta)2](NO3)n (n = 2 (16), 3 (17)). The results of the ESR and the magnetization 
measurements of 14 and 17 give evidence that their Fe ion is magnetic and therefore 
should have a valence of 3+ and that the axial symmetry in the ferrocenium moiety is 
distorted. Compounds 16 and 17 reveal an antiferromagnetic coupling of 167 K and 
184 K, respectively, between a central and terminal Cu(II) spins. Moreover, 
compounds 14 and 17 showed a very weak antiferromagnetic and a ferromagnetic 
magnetic coupling, respectively, between the central Cu(II) and the Fe(III) spins. To 
conclude, the magnetic interaction between the central Cu(II) and the Fe(III) ions 
changed from the antiferromagnetic coupling for 14 to the ferromagnetic coupling for 
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17 when a stronger distortion of the axial symmetry in the feroccenium cation of 17 
exists, and the degree of the distortion of the feroccenium cation is a control parameter 
for the sign of the interaction between the central Cu(II) ion and the Fe(III) spins of the 
studied compounds. 
The last two studied molecular magnets were a binuclear Ni(II) compound (Ni(II)-
dimer) and a cube-like tetranuclear compound with a [Fe4O4]-cube core (Fe4-cube). 
For Ni(II)-dimer, magnetization measurements yield a antiferromagnetic coupling of 
7.8 K between Ni spins and a ground state with total spin S = 0. The analysis of ESR 
spectra yields a positive axial anisotropy (D = 38 GHz) and the easy plane situation for 
the molecule. This study is used as advices for the synthesis of molecular magnetic 
complexes with desired magnetic properties. Magnetization measurements performed 
on the compound Fe4-cube show two different magnetic exchange interactions (a 
ferromagnetic coupling J1 = 26.8 K and a competing weaker antiferromagnetic coupling 
J2 = 20 K between Fe spins), and a high-spin ground state for the molecule with total 
spin Stot = 8. HF-ESR spectra consist of two lines with a g-factor of 2.35. The Analysis 
of the frequency dependence and temperature dependence of the ESR lines reveals a 
negative axial magnetic anisotropy (Dcube = 22 GHz ( 1 K)) corresponding to an 
energy barrier of U = 64 K for the thermal relaxation of the magnetization. The 
observation of the high spin ground state with the easy axis magnetic anisotropy for the 
{Fe4O4}-cube indicate that this compound is favorable to exhibit SMM behavior.   
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